We report Abrikosov vortex nucleation in
orbital effect) in type-II SC and ferromagnet (FM) hybrid structures [5, 6] have found several interesting phenomena involving Abrikosov vortices: (reverse) domain-wall superconductivity [7, 8] , vortex pinning by magnetic objects [9, 10] , and spontaneous formation of vortex-antivortex pairs [11] [12] [13] [14] . A very recent experiment of demonstrating magnon-fluxon interaction in a FM/SC heterostructure [15] has drawn renewed interest in this research direction. Note that in all these schemes, SC and FM are spatially separated by a thin insulating layer and thus no proximity effect is present.
In recent years, it has become clear that SC/FM proximity-coupled structures can create new physical phenomena whose unique properties can greatly improve central effects in the field of spintronics [16] [17] [18] [19] [20] [21] . For example, equal-spin triplet Cooper pairs, generated via spin mixing and spin rotation processes at engineered magneticallyinhomogeneous SC/FM interfaces [19] [20] [21] , can carry non-dissipative spin angular momentum in equilibrium (ground-state) nature. Although there have been quite recent works [22, 23] which focus on vortex liquid phase (or vortex flow) with a non-zero resistance activated for rather high magnetic fields near µ0Hc2 in insulating FM/thick SC systems, our understanding of the generic role of Abrikosov vortices in proximity-coupled systems remains in the initial stage; especially for magnetization dynamics and spin transport [24] [25] [26] .
Here, we present out-of-plane (OOP) field-angle dependence of ferromagnetic resonance (FMR) measurements on two types of Nb(30 nm)/Ni80Fe20(6 nm)/Nb (30 nm) proximity structures with and without Pt(5 nm) layers [Figs. 1(a) and 1(b)] to intentionally nucleate OOP vortices in the Nb (type-II SC) layers [2, 3] and to investigate their influence on spin pumping phenomena in the superconducting state [26] . We note that in such structures where the Nb thickness tNb is far below λL of Nb thin films (≥ 100 nm) [27] , the emergence of in-plane (IP) vortices is energetically unfavorable because their Gibbs free energy is higher than that of OOP vortices by a factor of ( / ) 2 [3, 28, 29] .
Combined measurements of -dependent FMR spectra and static magnetic properties of the samples (with and without the Pt layers) show that a larger vortex population at a higher FMR remarkably reduces the degree of change in spin pumping efficiency across the superconducting transition temperature Tc. This can be straightforwardly interpreted due to a larger number of OOP vortices (nucleated at a higher with a stronger resonance field) that reduce profoundly the real superconducting volume, the effective pair potential, and so the overall singlet pair density which is the underlying source of proximity-induced triplet pairing.
For experimental details, sample preparation and measurement setup have been described previously [26, 29] . Here we only describe the essential role of Pt layers in our Pt/Nb/Ni80Fe20/Nb/Pt proximity system [26, 30] . When the Pt layers are absent, the diffusion of pumped non-equilibrium spin accumulation from the precessing Ni80Fe20 into the Nb layers is precluded by the opening of the spin-singlet superconducting gap in the density of sates (DOS) below Tc [24] [25] [26] . However, in the presence of the Pt, equal-spin triplet states are proximity-induced into the Nb (singlet SC) layers by spin-orbit coupling (SOC) in concert with exchange field [31, 32] , which turns the Nb/Pt composite layers to an efficient superconducting spin sink and consequently leads to the greatly enhanced spin pumping/transfer beyond the normal state -this can be probed by FMR linewidth broadening or Gilbert damping increase [26, 33] . Figure 2 shows typical FMR spectra [26, 29] Fig.   1 ) to the FMR data [34] .
The extracted values of µ0Hres and µ0ΔH are plotted as a function of in Fig. 3 from which one can obtain the (effective) Gilbert damping α for a given fixed f, according to the model developed earlier [35, 36] :
Here is the OOP magnetization-angle of the Ni80Fe20 layer and we take the case for 
. (6) Assuming 0 ∆ ≈ 0 ∆ , a first-order estimate of can be available from the 0 ∆ ( ) data by using Eq. (6) We first discuss the contribution of -dependent 0∆ ext to the total linewidth. 
Here ∥ is the direction of propagation of the spin-wave in the film plane relative to the IP projection of the magnetization ( ), tFM is the Ni80Fe20 thickness (6 nm), and D is the Ni80Fe20 exchange stiffness (~10 -17 T·m 2 ). Since the calculation results using Eq. (7) [insets of Figs Next, we show that OOP vortex nucleation in the Nb layers, reducing the active volume of (singlet) superconducting domains as well as the effective pair potential, is responsible for the observed high behavior. This can more readily be seen by plotting the superconducting gap 2∆, 0 res, and 0∆ versus the normalized temperature T/Tc for four different (Fig. 4) . In these plots, the T/Tc-dependent 2∆( ) is calculated from is the vortex lattice parameter, and 0 ⊥ = 0 • sin( ) > 0 1⊥ . Note that < 0 means the collapse of superconductivity due to overlapping non-superconducting (normal-state) vortex cores.
As summarized in Table I , at 2 K is predicted to be much smaller as approaches 90° for both types of the samples -this, along with 2∆( ) at 2 K (Table I) , basically explains the experimental observation and captures the underlying mechanism, that is, the OOP vortex nucleation deteriorating the (singlet) superconductivity.
Finally, we measure static magnetic properties of the samples with and without the Pt layers across Tc by applying µ0H at = 0°, 45°, 70°, and 90° (Fig. 5) . From the Nb magnetization curve MNb(µ0H) (insets of Fig. 5 ), isolated by taking the difference between the total magnetization curves (of the sample) above and below Tc [29] , we can ensure (Table I) , strongly supporting our claim.
In conclusion, we investigate how Arbrikosov vortex nucleation influences superconducting spin pumping in Pt/Nb/Ni80Fe20/Nb/Pt proximity structures by measuring the dependence of FMR spectra and comparison with Pt-absent (control) samples. We clarify that the degree of change in spin pumping efficiency across Tc is positively correlated with the effective pair potential, the real superconducting volume, and thus the singlet pair density of the Nb layers which is the underlying source of proximity-induced triplet pairing. As a result, a larger OOP vortex population nucleated at a higher FMR (with a stronger 0 ) turns out to be detrimental to the generation of superconducting spin currents. Our work highlights the importance of circumventing the unintentional (OOP) vortex nucleation for more efficient conversion of spin-singlets to equal-spin triplets in SC/FM proximity systems [16] [17] [18] [19] [20] [21] .
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